Background Recent studies have highlighted the importance of the complete resection of a brain tumour but the task often remains a challenge for the neurosurgeon. New technologies which add objective information beyond visualisation provided by the traditional operating microscope are required. In this study, we have analysed the cellular density of the tumour/brain interface using three dimensional multi-photon microscopy intensity-images of experimental gliomas and human brain-tumour biopsy samples. Methods The density of cellular nuclei was determined in specimens of experimental gliomas in a mouse model and human brain tumour biopsies by analysis of optical tissue sections. Three dimensional multi-photon microscopy image stacks were compared to serial H&E stained sections of conventional histolopathology. Findings Both techniques consistently showed a good correlation of cell density values in solid tumour tissue of experimental gliomas versus adjacent brain. The multiphoton microscopy analysis of human biopsy specimens showed that optical analysis of native tissue provided information on the cellular density. Conclusions Multi-photon microscopy is an efficient and rapid tool for the study of brain and brain tumour tissue. Multi-photon microscopy allows the detection of individual tumour cells and tumour cell clusters in native tissue biopsies and may therefore provide a tool in the identification of highly cellular lesions during the resection of brain tumours.
Furthermore, the extent of resection has been identified as an important prognostic factor in the treatment of gliomas [9, 16] . This has prompted new interest in techniques facilitating intra-operative detection of residual tumour, which facilitates more radical resection of intrinsic brain tumours. The aim of these efforts is however not the resection of individual tumour cells in functionally intact brain-tissue but the identification of highly cellular residual tumour which is not detected by the conventional operating microscope.
Intra-operative detection of 5-aminolevulinic acidinduced porphyrins in malignant brain tumour tissue has shown to delineate tumour and normal brain [1, 28] . Recent prospective clinical trials have demonstrated that fluorescence-guided resection of brain tumours increased the extent of resection and may therefore prolong survival [26, 27] . However, it has also become clear that uptake of 5-aminolevulinic acid or protoporphyrin IX formation may vary within different areas of tumour and that specifically the fluorescence signal of invaded brain and adjacent brain tissue may be difficult to interpret [27, 31] . Nevertheless, these studies highlight that intra-operative detection of residual tumour emerges as a significant factor improving the impact of surgery on survival.
We have recently evaluated optical technologies that do not rely on the metabolic processing of extrinsic markers for analysis of glioma tissue. Optical coherence tomography (OCT) uses the interference of low-coherent light to generate two-and three dimensional images of tissue based on the inherent optical tissue contrast. OCT allows discrimination of solid tumour, tumour invading adjacent brain and normal brain tissue [2] . A clinical pilot study has demonstrated that this technology may detect residual tumour during the resection of malignant brain tumours and that OCT can be integrated into operating microscopes and neuro-endoscopes [3, 17, 24] . However, operating at a resolution of 10-30 µm OCT does not provide subcellular visibility.
Multi-photon excitation microscopy (MPE microscopy) is based on the excitation of endogenous intra-and extracellular fluorophores by two or more near-infrared femtosecond laser pulses, which focus simultaneously into a femtoliter target volume [15] . The two-photon excited auto-fluorescence (TPEAF) of native tissue is recorded by a photomultiplier. Fluorescence intensity images or images of the fluorescence lifetime distribution may be reconstructed at subcellular resolution without the need for tissue labelling or fluorescent markers. MPE microscopy has been applied to dermatological pathologies and normal human skin in vivo [22, 23] . In a neurosurgical setting multiphoton-excitation microscopy may facilitate the analysis of tumour cell density at the resection edge. Recently we have demonstrated that multi-photon microscopy allows structural imaging of human brain tumour and central nervous system histo-architecture at a subcellular level in unprocessed tissue blocks ex vivo. Solid tumour, the tumourbrain interface, and single invasive tumour cells could be visualised [19] . The analysis of the excitation/lifetime profiles of the fluorescent signal within specific excitation volumes discriminated glioma cells and normal brain [8] .
In this study, we have analysed the cellular density of the tumour/brain interface using three dimensional multiphoton microscopy intensity-images of experimental gliomas and human brain-tumour biopsies. We demonstrate that automated-analysis of multi-photon microscopy intensityimages may be used to analyse the cellular density of unprocessed biopsy specimens taken from the edge of resection during the resection of malignant gliomas.
Material and methods

Multi-photon microscopy imaging
Multi-photon excitation images were obtained using a DermaInspect in-vivo imaging system (JenLab, Jena, Germany). The system contains a solid-state, mode-locked 80 MHz titanium:sapphire laser (MaiTai, Spectra Physics, Darmstadt, Germany) with a tuning range of 710-920 nm, a mean laser output of >900 mW at 800 nm, and a 75 fs pulse width. All measurements were performed at 750 nm, which has been determined optimal for imaging of native brain and brain-tumour tissue in previous studies [8, 19] . The scanning module contains a motorised beam attenuator, a shutter, and a two axis galvoscanner. A piezodriven 40× focussing optic (z-axis) with NA 1.3 and 140 µm working distance (Plan Neofluar 40X, 1.3, Zeiss, Göttingen, Germany) was used. Motions of the sample in x-and y-directions were performed by computer-controlled stepper-motors (Owis, Staufen, Germany). The signal of the fluorophores was detected by a photo-multiplier tube module (H7732-01, Hamamatsu, Herrsching, Germany), after passing a beam splitter (Chroma 725DCSPXR, AHF analysentechnik AG, Tübingen, Germany) and a short-pass filter (BG39, Schott, Mainz, Germany).
Orthotopic glioma mouse model, tumour specimen and histopathology
The human glioblastoma derived cell lines G-112 and U87 were grown in minimal essentail medium (MEM) containing 10% fetal calf serum (FCS). For intracranial implantation in nude Naval Medical research Institute (NMRI) mice cells were expanded and harvested in log phase growth by trypanisation. Cells were washed in phosphate buffered saline (PBS) three times and were resuspended at a concentration of 2×10 4 /µl. All procedures were performed in accordance with regulations of the Animal Care and Use Committee of the University Hospital of SchleswigHolstein under permit No. 30/o/03. Prior to the implantation animals were anaesthetised by peritoneal injection of ketamine/xylazine solution (200 mg ketamine and 20 mg xylazine in 17 ml of saline) at 0.15 mg/10 g of body weight. For the procedure, the cranium was fixed in a stereotactic frame (TSE Systems, Bad Homburg, Germany). A 1 mm burr hole was placed 3 mm lateral to the bregma and a stereotactic implantation of 3 µl cell suspension injected over 3 min was placed in an area corresponding to the internal capsule 0.5 mm below the fibre tracts of the corpus callosum. Following implantation, 50 mg/kg novaminsulfone was administered subcutaneously and 1 mg/ml novaminsulfone was added to the drinking water for 3 days. In the following 4 weeks the highly infiltrative cell line (G-112) and a less infiltrative cell line (U-87) grew low angiogenic tumours to the size convenient for imaging studies (approximately 5 mm in diameter).
Tumour bearing brains were explanted following a lethal intraperitoneal injection of 50 mg/kg xylazine and 350 mg/kg ketamine. Coronal sections of the mouse brains were cut immediately and the tissue samples were placed in a humidified chamber (MiniCeM, JenLab, Jena Germany) adherent to a 0.17 µm cover glass for imaging.
Human biopsy specimens were taken during neurosurgical procedures for routine diagnostic procedures. The biopsy-sites of solid tumour, edge of the tumour, or adjacent brain were registered using a VectorVision 2 neuronavigation system (Brain Lab, Hettenheim, Germany). Biopsy specimens were immediately subjected to multiphoton microscopy. Following the imaging studies all specimens were formalin fixed, paraffin embedded and 5 µm histolopathological sections were cut parallel to the optical plane of the multi-photon microscopy imaging. Sections were processed for H&E and CD-68 staining.
Evaluation of cell density in experimental gliomas and human tumour biopsies
The cellular density in tissue specimens was evaluated based on multi-photon microscopy images and corresponding conventional histolopathology. Multi-photon microscopy image scans of 30×30 µm (900 µm 2 ) were acquired as stacks of 10 consecutive images at a gap width of 5 µm along the z-axis (Fig. 1) . The number of cells/scan was determined using ImageJ 1.36 (http://rsb.info.nih.gov/ ij), by adjusting a threshold according to the brightness and contrast of the tissue, only identifying nuclei as objects. These objects were than automatically counted. For a computer based cell count of H&E stained tissue sections light-microscopy images at a magnification of 100x were digitised using a CCD camera (DFC 480 Photoscanner in combination with the DM IRB microscope, Leica, Wetzlar, Germany). Images were saved as RGB images in jpeg format for analysis using ImageJ. An RGB-split of the colour graphics was performed and an intensity based threshold was manually adjusted according to the tissue contrast in the red channel. An automated cell count was performed for a 30×30 µm area of the image. The analysis was performed for 10 consecutive 5 µm sections.
3-Dimensional reconstruction of the tumour-brain interface
Three-dimensional reconstruction of the multi-photon microscopy image stacks was done using software developed by the OpenQVis project [25] , a collaborative research project of the Computer Graphics Group at the University of Erlangen-Nuernberg and the VIS Group at the University of Stuttgart, Germany, available under GNU public license (http://openqvis.sourceforge.net). The OpenQVis project implements methods for interactive high-quality volume visualisation for general purpose hardware achieving high image quality comparable to traditional ray-casting solutions. In order to use this software, the stacks of 2D images recorded in greyscale TIF format were converted to ASCII format PMG using freeware graphics IrfanView. The stacks of PNG files were converted into the proprietary binary 3D data format required by the OpenQVis. After creation of the corresponding annotation files that contain the pixel sizes the data can be directly loaded into the OpenQVis software. This software allows the definition of transfer functions used to assign visual properties (colour and opacity) to the 3D pixels (voxels) of the volume data set. These parameters were adjusted manually. The tumour tissue, appearing brighter on the MPE-images, remained visible while the surrounding brain tissue became transparent. Thus the 3-dimensional topography of the tumour-brain barrier in an intact tissue volume block could be visualised.
Results
Analysis of the cell density at the tumour/brain interface in experimental gliomas
The cellular density was analysed at the tumour/brain interface of two human glioblastoma derived cell lines (G-112 and U87) which served as an orthotopic glioma mouse model. In mouse brain these cell lines show different patterns of invasive growth. The non-invasive cell line U-87 has been demonstrated to rapidly form large tumours with a well defined tumour/brain interface. The highly invasive cell line G-112 shows single cell invasion following myelinated fibre tracts and vascular structures but also invasive cell clusters projecting into adjacent brain [8, 19] .
Multi-photon microscopy discriminated tumour adjacent to brain and brain tumour in specimens implanted with U87 or G-112 tumour cells similar to conventional histolopathology (Fig. 2) . Normal brain tissue showed a low density of cellular nuclei and a homogenous intensity image of the brain parenchyma. Compact fibre tracts may produce image signals of varying intensity depending on the orientation of tracts. Multi-photon microscopy of tumours derived from the two cell lines showed a high density of low intensity cellular nuclei surrounded by high intensity cytoplasm. Frequently, the high intensity cytoplasm of tumour cells appeared granular. Morphologically, distinct clusters of cells within the tumours could be identified (Fig. 2 upper  panels) . Multi-photon microscopy showed the brain/tumour interface of U-87 neoplasms being well defined with solid tumour tissue immediately adjacent to brain tissue, which showed low cellularity. G-112 tumours showed a highly cellular solid tumour and clusters of invasive tumour cells protruding into the brain parenchyma ( Fig. 2 lower panels) . In order to quantify the cellular density of the tumour/brain interface the number of cellular nuclei was analysed based on MPE-images and corresponding histolopathological sections. According to the growth pattern of the cell lines the analysis of the cellular density of the corresponding tissue volumes showed an abrupt decrease of the cellular density at the tumour/brain interface of the non-invasive U87 tumours, whereas the invasive cell line G-112 showed a continuous decrease from the highly cellular solid tumour to adjacent brain (Fig. 3) . The absolute numbers of the cell density determined from MPE-images or histological sections cannot be directly compared, because of a different gap width and overlap of the optical and histolopathological Fig. 2 Coronal sections of U87 and G-112 tumour bearing mouse brains were scanned by multi-photon microscopy along an axis from tumour centre to adjacent brain. The multi-photon microscopy images of native tissue are shown above with corresponding H&E stained histolopathological images of the specimen below. The tumour/ brain interface in U-87 neoplasms appeared well defined, whereas in G-112 derived tumours clusters of invasive cells and single invasive tumour cells were found in tumour adjacent brain tissue section. The profiles of the cellular density based on multi-photon microscopy images or histolopathological evaluation were not different. Multi-photon microscopy image stacks were acquired from a 50×30×30 µm tissue volume which allowed the three dimensional reconstruction of the tumour/brain interface (Fig. 3) . Assigning low opacity to the low intensity signal of the brain parenchyma allowed a three dimensional display of the high intensity signal of the tumour cells. This analysis showed the tumour/brain interface of U87 tumours to be well defined, whereas G-112 tumours showed a diffuse tumour/brain interface with invasive cell clusters protruding into the tissue volume corresponding to adjacent brain parenchyma.
Evaluation of human glioma biopsy specimens by multi-photon microscopy Biopsy specimens of tumour tissue and from the edge of the resection were taken during neurosurgical procedures for diagnostic purposes. A tissue volume of 1 mm 3 of each biopsy was subjected to TPEAF imaging and then submitted to processing for routine diagnostic histolopathology. Pre-operative MRI data was used for intraoperative neuronavigation, which also served to register and document the biopsy sites. Similar to our findings in experimental gliomas multi-photon microscopy showed solid tumour as a high density of low intensity cellular nuclei and high intensity cytoplasmic areas (Fig. 4) . No biopsies of normal human brain were available for this analysis, but tumour adjacent brain from the edge of the resection showed similar multi-photon imaging characteristics to normal murine brain. However, in human specimens of solid tumour, tumour necrosis as well as tumour adjacent brain, cells with a large number of cytoplasmic granules of very high autofluorescence intensity were a frequent finding. These cells were also present in specimens, for example, taken from the resection edge that histolopathologically showed few or no tumour cells. The specific morphology of these comparably large cells with multiple granula led to the assumption that these might be monocytes. Cells of this type were a common finding in human tumour samples and adjacent brain tissue. In order to confirm this, staining with a surface-marker specific for monocytes (CD-68) was performed. Histolopathologically, CD-68 positive cells were found in a similar distribution and frequency and showed similar histo-architecture. Another difference between human and murine brain adjacent to tumour was the presence of round low intensity amorphous structures up to 8 µm observed in human biopsies on the MPE-images (Fig. 4, pannel 2 ). Whether these correlate to brain oedema remains undecided in this study. Multi-photon microscopy intensity images of 10 consecutive optical sections were used to determine the number of cellular nuclei in biopsy specimens from solid tumour and the edge of resection (Fig. 5) . Following the optical tissue analysis the specimen were processed for routine histolopathology and H&E staining. Consecutive sections of a corresponding tissue volume were used to quantify cellular nuclei. Multi-photon microscopy and routine histolopathology resulted in similar cell counts and similar standard deviations for determination of cell numbers in consecutive sections (Fig. 5) . Table 1 shows the determinations of cell number by multi-photon microscopy from specimens taken during surgery for two metastatic brain tumours and three malignant gliomas. Tumour specimens taken from areas corresponding to gadolinium contrast enhancing regions demonstrated a high cellular density (2.8-4.8/900 µm 2 ) by multi-photon microscopy. Based on multi-photon intensity images tumour cells from metastatic and primary brain tumours showed similar imaging characteristics. Specimens analysed from the central necrosis of both metastatic and primary brain tumours showed none or few cells (with the exeption of cells with granules of high autofluorescence). Specimens of tumour adjacent brain showed a low cellular density corresponding to tumour-free margins confirmed by routine histopathology (0.7-2.4/900 µm 2 ). A single specimen taken from a region of suspected residual tumour showed a high cellular density similar to specimens taken from contrast enhancing tumour. Both frozen section and routine histolopathology confirmed solid tumour at the resection edge of this specimen.
Discussion
MPE microscopy offers the unique possibility to image three-dimensional tissue structures at the limits of optical microscopy and allows structural and photochemical imaging of native tissue at subcellular resolution [8, 13-15, 19, 22] . Both the structural imaging of the histoarchitecture and the biochemical sensitive imaging of the fluorescence lifetime of endogenous fluorophores may be useful in the in vivo detection of brain tumours. Beyond exogenous fluorophores, the auto-fluorescence of native tissue can produce a sufficient fluorescence signal. The restriction of the optical excitation to a femtoliter region provides three-dimensional optical sectioning and avoids out of focus photo damage. The fluorescence is recorded by a photomultiplier and fluorescence intensity images or images of the fluorescence lifetime distribution may be reconstructed [15] . We have recently shown that multiphoton microscopy allows detailed imaging of the normal brain histo-anatomy in native mouse brain [19] . Based on autofluorescence intensity images the histo-architecture of cortex, white matter and myelinated fibre tracts within the basal ganglia or the ependyma can be readily identified [8] . Experimental gliomas on multi-photon intensity images can be identified because of their high cellularity and high autofluorescence of the tumour cell cytoplasm contrasting with the low signal intensity nuclei. This allowed identification of single invasive tumour cells in invasive experimental gliomas in mouse brain [19] . Here we demonstrate that a systematic and quantitative analysis of the tumour/ brain interface in experimental gliomas allowed conclusions on the degree of invasion of tumour adjacent brain based on MPE microscopy visualisation of the density of cellular nuclei. Based on the intensity images and nuclear counts per tissue volume the non-invasive U87 tumour could be delineated from the highly invasive G-112 tumours. Strictly speaking, the cell count analysis of MPE images was not performed on a volume data set, but on a stack of adjacent images. A real 3D reconstruction of the volumes, based on a stack width of 5 µm between individual images of 1.5 µm excitation depth, would have added arithmetical errors without providing additional information. In this respect, the cell number determined from MPE images cannot be identical to results obtained by conventional histolopathology, In biopsies taken from human malignant gliomas the density of tumour cells i.e. the degree of tumour infiltration could be estimated based on the same parameters [19] . In this study, we have extended these experiments to a Fig. 4 In vitro imaging of a brain metastasis from a bronchial carcinoma. The images in the upper panel show the neuronavigation registered biopsy sites on MRI-scans (tumour outlined white). One biopsy was taken from areas of contrast enhancing solid tumour and the others were obtained from adjacent brain. The panel below shows the corresponding TPEAF images. The cell density of the tumour biopsy exceeds the values for adjacent brain. In contrast to images of tumour bearing mouse brain, all TPEAF images of human tumour samples showed a large number of cells with highly autofluorescent intracellular cytoplasmic granula. The corresponding conventional H&E staining is shown below. The lowest panel shows the immuno-histochemistry for the monocyte marker CD68, demonstrating the presence of CD68 positive cells in human biopsies, suggesting that the nature of the cells with highly autofluorescent granula may be monocytes quantitative analysis of the cellular density in specimens taken from human brain tumours and biopsies from the edge of the resection cavity. Our data show that multiphoton microscopy allowed the determination of cell density in native tissue biopsies similar to cell counts obtained from formalin fixed and H&E stained tissue sections. However, while in biopsy specimens obtained from human brain tumours the density of nuclei could be determined, the identification of individual tumour cells remained difficult, because of cellular elements of different histotypes within the tissue volume. For example, in several specimens including tumour adjacent brain, cells of high autofluorescence with prominent cytoplasmic granules were found. These cell types increased the cell count per tissue volume, but were unlikely to represent tumour cells. The signal intense subcellular structures may also result from lysosomal degradation within ex vivo biopsy material but the morphology of these cells made this unlikely. CD-68 staining of these tissue-samples identified cells in a similar distribution to the highly fluorescing cells in the multiphoton intensity images. This supports the hypothesis that these cells were monocytes, which is also suggested by their morphology. Further, the human tumour samples underwent similar processing compared to the experimental tissue obtained from immuno-deficient NMRI mice, which lacked these cell types. The problem of unidentified cell [13, 14, 19, 30] .
Furthermore, experimental glioma tissue showed significantly longer fluorescence lifetimes than normal cortex or white matter [8] . Characterisation of the fluorescence lifetime versus excitation profiles of biopsies from human gliomas demonstrated that the degree of malignancy tended to correlate positively with fluorescence lifetimes [8] . This suggests that the photochemical analysis may offer means for specific detection of residual tumour in biopsy specimens, which may increase the diagnostic value of this technique. We have further demonstrated that the specificity of tumour cell detection by multi-photon microscopy may be significantly increased by detection of 5-ALA induced PpIX fluorescence in experimental gliomas [7] . The fluorescence lifetime analysis of induced PpIX fluorescence by multi-photon microscopy demonstrated that PpIX fluorescence was significantly prolonged compared to fluorescence of endogenous fluorophores. In contrast to variable fluorescence lifetimes of endogenous fluorophores in different tumour specimens, the long lifetime of 5-ALA induced PpIX fluorescence allowed identification of the tumour/brain interface using constant detection parameters, which in the future may facilitate automated detection of tumour and normal brain. Therefore, intra-operative in vivo multi-photon microscopy of brain tissue conceptually provides a high resolution non-invasive diagnostic tool, which in addition to structural information may also offer functional information. The imaging setup used for this study has been developed for dermatological applications and allows subcellular imaging of human skin in vivo [14] . However, for neurosurgical intracerebral applications such a device may not be useful because the movement of the target tissue which follows the respiratory and arterial cycles does not allow high numerical aperture non-contact imaging. This limitation may be overcome by technical developments of multi-photon microscopy scanner probes connected to optic fibres, which have recently facilitated in vivo imaging of the mouse central nervous system over extended periods of time [10, 11, 18] . König et al. have further demonstrated that multi-photon microscopy can be performed through optical rods [12] . However, the device used for this study does allow fast optical serial biopsies during the operation. This might provide additional important information to the operating neurosurgeon to enhance the advantages of the present state of technical development. The analysis of samples produces images with a resolution comparable to conventional H&E staining without the time delay for tissue processing.
Such probes may be placed in direct contact to the target tissue and may offer solutions to the specific requirements of intra-operative high resolution optical brain imaging in the future. TFEAF investigations in animal models and biopsy tissues may also be valuable in the development and verification of optical tumour diagnosis based on large field autofluorescence imaging or spectral resolved detection of backscattered light [4, 20, 21] .
Conclusion
Multi-photon microscopy is an efficient and rapid tool for the study of brain and brain tumour tissue. Multi-photon microscopy allows the detection of individual tumour cells and tumour cell clusters in native tissue biopsies and may therefore provide a tool in the identification of highly cellular neoplasms during the resection of brain tumours.
Comment
Malignant glioma still remains to have the worst prognosis for survival of the patients. Despite tremendous efforts to find new treatment options the survival time has not increased dramatically. Complete resection of the tumour has been shown to be beneficial for the overall survival of the patient; however, the invasive nature of the tumour creates a big challenge for the neurosurgeon to achieve this.
Multiphoton excitation (ME) microscopy is still a new approach to image a tumour and its surrounding tissue. The authors have already shown the usefulness of this technique on tissue from experimental intracranial gliomas in mouse brain, and biopsies of human gliomas, where they were able to perform structural imaging of tumour and central nervous system histo-architecture at a subcellular level and the ability to distinguish between normal and tumour tissue.
In the present paper the authors measured cell density in native tissue with ME microscopy and compared this with conventional histopathological analysis (H&E staining) of the same tissue. Both techniques consistently allowed them to distinguish between the highly cellular tumour area and the less cellular adjacent normal tissue and even identify tumour cell clusters within less cellular tissue. In these experiments ME microscopy has proven to be a useful tool to quickly analyse the origin of the biopsy tissue (tumour centre or tumour periphery).
The paper is a very valuable contribution to the improvement of treatment option for glioma patients and raises hopes that after further development of the technique it might eventually find use in the operation room.
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